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INVESTIGATION OF CONICAL SUBSONIC DIFFUSERS FOR RAM-JET ENGINES

By John M. Farley and Henry J. Welna

SUMMARY

As part of an over-all investigation of the performance of a ram-
Jet combustor, several methods of improving the performence of the
combustor-inlet diffuser were investigeted. The basic diffuser types
investigated were: (1) reversed-bellmouth diffuser, (2) 30° included-
angle conical diffuser, (3) 30° conical diffuser with guide vanes,
(4) 30° conical diffuser with vortex generators, and (5) 30° conical
diffuser with splitter cones.

The Iinvestigations were conducted with three different diffuser-
inlet veloclty profiles, the first two of which were similar and char-
acterized by unsymmetrical circumferential distribution and large
boundary layers. The third profile was uniform circumferentislly and
had much thinner boundary layers. Maximm diffuser efflciliencies ob-
tained with the nonuniform end with the uniform inlet profiles were
70 and 72 percent, respectively. These maximum efficiencies were
both obtained with vortex-generator configurations and represent
efficiency gains of approximately 20 percent over those obtained
with the 30° conical diffuser without flow-control devices. In
addition, diffuser flow separation was eliminated with these
vortex-generator configursations. The gulde-vane configurations
provided moderate lmprovement in diffuser effleclency; however, in
gll cases, combustion occurred in the vane wakes, upstream of the
flame holders. The better splitter-cone configurations gave rela-
tively uniform diffuser-outlet profiles but little improvement in
diffuser efficiency. One configuration, which incorporated both vor-
tex generators and a splitter cone, geve diffuser efficiencies higher
than those cobtained with the configuration using the same vortex gen-
erators alone and also provided a relatively uniform diffuser-outlet
velocity profile.

INTRODUCTION

As part of an over-gll program to evaluate and improve the per-
formance of & ram-jet engine, a direct-comnect investigation of the
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engine was conducted. The engine included s combustor-inlet diffuser
designed to provide transition from the outlet of the supersonic dif-
fuser used in flight (32.2-in. diameter) to the inlet of the 48-inch-
diameter engine combustion chamber. The over-all area ratio of the
diffuser was 2.22 (without consideration of flame-holder blockage), and
because of the relatively short length of the engine, it was necessary
that the length of the diffuser be kept to & minimum.

The original contours of the combustor-inlet diffuser were similar
to a reversed bellmouth. Initial investigations indicated severe sepa-
ration in this diffuser section, resulting in combustion upstream of the
flame holders, high gas velocities in the region of the flame holders,
and low diffuser efficlency. In an effort to improve the diffuser and
combustor performance, a large number of diffuser modifications were
investigated. Among these modifications were confilgurations utilizing
guide vanes (ref. 1), vortex generators (refs. 2 and 3), and flow-control
sleeves or splitter cones. The primary purpose for investigation of the
splitter cones was to provide positive fuel stratification, which is
desirable in low-temperature-ratio combustors (ref. 4). However, it was
believed that splitter cones would alleviate diffuser separation, since
air would be channeled slong the outer diffuser wall and the divergence
angles would be less than that of the original diffuser.

The investigation was conducted over a range of dlffuser-inlet Mach
number from about 0.42 to 0.52 with diffuser-inlet total pressures from
1000 to 1220 pounds per square foot absolute. For all diffuser configu-
ratlons investigated, the combustor flame-holder and fuel-injection
gystems were installed. Data were obtalned both with and without

combustilon.

The results presented in this report compare performance of the
various configurations on the basis of diffuser static-pressure-rise
efficiency. Typicel diffuser-exit velocity profiles for the various
configurations are also compared. o

APPARATUS
Installation

A sketch of the ram-Jjet-engine installation in the altitude chamber
is shown in figure 1. The combustion air passes from the Iinlet-alr line
Into the diffuser section of the test chambér, through smoothing screens,
and into the engine-inlet bellmouth. After leaving the engine exhaust
nozzle, the gases pass through a water-cooled exhaust extension into the
exhaust section. The combustion alr was heated to the deslred inlet
temperature by means of s gas-fired heat exchanger. A periscope was
mounted in the exhaust section to permit observation of combustion in

the engine.
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In order to improve the diffuser-inlet velocity profiles, two al-
terations of the inlet ducting were mede in the course of the investiga-
tion. These alterations were:

(1) A number of angle iron strips were placed across the inlet-
diffuser section of the test chamber, as shown in figure 1, in order
to provide uniform pressure distribution at the engline-inlet bellmouth.

(2) The throat diameter of the engine-inlet bellmouth was increased
from 24 to 27.4 inches to avoid choking.

Description of Original Engine Configuration

A cross section of the original engine configuration is shown in
figure 2(a), and an enlargement of the diffuser section showing the
original flame holder and diffuser is shown in figure 2(b). The original
diffuser had contours similar toc a reversed bellmouth. The upstreanm
section of the diffuser was a cone approximately 10 inches long and hav-
ing en included angle of about 30°. This cone was faired to the
48-inch-diameter combustion chamber with a 50-inch-radius circular arc.
The over-all length of the diffuser was 20.6 inches.

Because the flame holders and fuel injectors were in place during
the diffuser investigation and occupied a portion of the diffuser, a
brief description of these systems is included. The combustor flame-
holding system was mounted in the diffuser by means of five radial
struts and consisted of primary and secondary fleme-holder networks.
The primery fleme holder consisted of an 8-inch-diameter center pilot
burner and five 5-inch-diemeter satellite pilot burners attached to
the center pilot by radial interconnecting struts. The satellite pilots
were also intercomnected by means of a segmented annular V-gutter flame
holder. The secondary flame holder was an annular V-gutter which was
connected to the primary system by means of 10 slanted radial gutters.

A sketch showing a palr of the originsl fuel-spray bars is presented
in figure 3. The original fuel system consisted of 10 pairs of these
bars spaced circumferentially around the diffuser at a point approxi-
metely 9 Inches downstream of the reversed-bellmouth diffuser inlet.

Diffuser Modifications

In addition to the original reversed-bellmouth diffuser, several
variations of four basic types of diffuser were investigated. The
basic types were: (1) a 30° included-angle conical diffuser, (2) the
30° conical diffuser with guide vanes, (3) the 30° conicel diffuser with
vortex generators, and (4) the 30° conical diffuser with splitter cones.
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A summary of the diffuser configurations lnvestigated is presented in
table I. Besides the diffuser changes, several minor flame-holder and
fuel-injector changes were made during the diffuser investigation. The
flame-holder chenges are shown in figure 4, and e column listing the
fuel-injection system used for each configuration is included in table I.
The afterburner-type fuel injectors, which consisted of twenty 3/8-inch-
diemeter fuel-spray tubes (configurations SC-5 through SC-7), may be
geen in figure 5.

30° Conical diffuser (configurations 2 and 2a). - For the second
configuration investigated, the aft portion of the original reversed
bellmouth was faired to form & conical diffuser 30.6 inches long and
having en included angle of approximately 30° (fig. 4(a)). This conical
diffuser was used throughout the remaining portion of the investigation.
Configuration 2e had the seme diffuser used in configuration 2; however,
the flame holder was altered as shown in figure 4.

30° Conical diffuser with guide vanes (configurations GV-1 through

GV-3). - Detalls of the guide-vane configuretions are given in figures
6(a) and (b), and a photograph of a typical guide-vane installation is
given in figure 6(c). In general, the recommendations of Patterson
(ref. 1) were followed in design of the guide-vane configuration. The
vanes of configuration GV-1 were truncated cones without camber. Con-
figuration GV-2 was the same as GV-1 except that the first vane was
omitted. The vanes of configuration GV-3 had l/Z—inch camber.

30° Conical diffuser with vortex gemerators (configurstions VG-1
through VG-3). - Details of the vortex-generator configuratlons reported
are listed in table II. Configurstions VG-1 and VG-2 had vortex genera-
tors located 40 end 20 inches, respectively, upstream of the diffuser
inlet. Configuration VG-3 had the vortex generators of configuration
VG-2 and an additional set located 10 inches downetream of the diffuser
Inlet. The vortex generators were symmetgical alrfolls, and alternate
vanes were set at angles of attack of 13 . A photograph of a typlcal
vortex-generator installation 1s presented in figure 7.

30° Conical diffuser with splitter cones (configurations SC-1
through SC-8). - The splitter-cone configurations are iliustrated and
tabulated in figure 8(a), and a typical installation is shown in fig-
ure 8(b). The splitter-cone configurations are divided into three
groups, the basic cone (between stations O and 30.6) being the same for
all splitter cones within a given group. Each basic cone was designed
to capture s different percentage of the air flow. Configuration SC-1
also had the vortex generators of configuration VG-2 instelled on the

outer diffuser wall.
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Instrumentation

Details of the instrumentation used to determine diffuser perform-
ance are given in figures 2 and 4. Diffuser-inlet conditions were
determined from measurements of total and static pressure and total
temperature made at station 2, which was located 28.35 inches upstream
of the diffuser inlet. To determine diffuser-outlet conditions, one
total-pressure rake and one static-pressure rake were located at sta-
tion 4, located 24.25 inches downstream of the diffuser inlet. In
eddition, six well static-pressure taps and six boundary-layer total-
pressure tubes were spaced longitudinelly along the diffuser wells of
the reversed-bellmouth and the 30° comical diffusers, as shown in fig-
ures 2(b) and 4(a), respectively. All pressures were measured with
manometers and were photographically recorded.

PROCEDURE
Setting of Flow Conditlons

For all data presented, an engine air flow of approximately 60
pounds per second was set by choking a throttling velve in the inlet-air
line and mainteining an inlet-air temperature of approximately 525° F.
Diffuser-performance data were obtained both with and without combustion
in the engine. With combustion, the diffuser Mach number was varied by
changing the engine fuel-air ratio, while the exhaust pressure was main-
tained low enough to insure choking in the engine exhaust nozzle. With-
out combustion, variations in diffuser Mach number were obtained by
chenging the exhaust pressure (engine exhaust nozzle not choked).

Methods of Calculation and Data Qualification

Air flow. - Diffuser air flows and inlet Mach numbers were calculated
from the total and static pressures and temperature measured at instru-
mentation station 2.

Boundary-layer velocities. - longitudinal boundary-layer velocities
were calculated from the static and totel pressure measured with the
wall static taps and the corresponding totel-pressure tubes, which were
spaced longitudinally along the diffuser wall (figs. 2 and 4). A con-
gtant total temperature, equivalent to the temperature measured at statlon
2, was assumed in these calculations.

Diffuser-outlet velocity profiles. - Diffuser-outlet velocity pro-
files were calculated from the total and statlc pressure megsured at
instrumentation station 4 and the total tempersture measured at station
2. Values of air flow at station 4 were also calculated by using these
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velocitles and the measured static pressure. These air flows varied

from about 30 percent more to 20 percent less than the air flows meas- .

ured at station 2. This variation was attributed to nonsymmetrical
circumferential air-flow distribution, to interference of struts and
instrumentation located upstream of statlon 4, and to the Inherent
difficulty of measuring ailr flow at low velocities. (An error in pres-
sure measurement of less than 2 percent would account for the maximum
air-flow discrepancy.) Although the absolute values of velocity profiles
at station 4 are doubtful, it is felt that the relative shapes of the
profiles ere of significance.

Splitter-cone air-flow distribution. - The distribution of air flow
inside and outside of the splitter cones was determined from integration
of the velocity profiles at station 4 and the measured static pressures.
The discrepancy in air flows between station 2 and station 4, discussed
in the preceding section, causes some doubt as to the accuracy of these
dilstribution values; however, for most of the splitter-cone configura-
tions, the calculated values of alr-flow distribution remeined essen-
tially constant despite variations in the discrepency between the air
flows measured at station 2 and station 4.

Diffuser efficiency. - Because of the limited instrumentation at
station 4, the values of total pressure measured at that station were
not considered sufficiently accurate to gilve a true indicetion of the
relative effectiveness of the varicus diffuser configuregtions. There-
fore, diffuser efficiencies based on the diffuser-outlet static pres-
sure were cglculated. This efficliency is defined as the ratio of
actuel static-pressure rise to theoreticsl isentropic static-pressure
rise between station 2 and the dlffuser-outlet station.

hy o PeT PR _ (pa/p2) - 1 (1)
%" Py1a - P2 (pg,1a/P2) - 1
where : 1 l/Z
Pa,ig _ _ ApMp(1 4 Y= _Mg) 2)

I i)z
Pp AgMy ga(l + T2 ME 5q)

M4,id was determined from the isentropic relation o

My 18 A %
T+l _Ex Y+1 (3)

where

ng 4diffuser efficiency

C oMM

x
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P stetic pressure

M Mach number

A area

T ratio of specific heats

and subscript 2 refers to the diffuser-inlet instrumentation station,
subscript 4 refers to the diffuser-outlet stations defined in the fol-
lowing paragraph, and the subscript id refers to the ideal condition.

For the configuration without splitter cones, the outlet static
pressure was teken st the diffuser-wall static tap nearest the diffuser-
outlet station. This tap was located 4 inches upstream of the diffuser
outlet in the reversed-bellmouth diffuser and 3.4 inches upstream of the
diffuser outlet in the 30° conical diffuser. Diffuser-area ratios
(flame-holder blockage accounted for) between station 2 and the planes
of these static taps were 2.0 for the reversed-bellimouth diffuser and
2.21 for the conical diffuser.

For the splitter-cone configurations, the diffuser-outlet static
pressure wes teken as the gverage stream static pressure measured at
station 4, which was located 8.35 inches upstream of the diffuser out-
let. The diffuser-area ratio (with flame-holder blockage accounted for)
between station 2 end station 4 was 2.11.

In order to relate diffuser performance to engine thrust, it is
desirsble that the performance in terms of diffuser total-pressure ratio
be known. The static-pressure-rise efficlencies presented herein may
be converted directly to total-pressure ratios by using the curves of
figure 9, in which total-pressure ratio is shown as a function of dif-
fuser efficiency for various inlet Mach numbers and area ratios.

RESULTS AND DISCUSSION
Varietions in Diffuser-Inlet Profiles

The first few test runs showed that at the engine diffuser inlet
(station 2) the total-pressure profiles had large circumferential and
radial variations and that these variastions increased with increasing
diffuser-inlet Mach number (fig. 10(a)). These variations were attri-
buted both to distortions in the inlet air that were not removed by the
smoothing screens and to the existence of supersonic flow and resulting
shock waves in the engine-inlet ducting, caused by choking of the 24-
inch-diameter throat of the inlet bellmouth. In the course of the in-
vestigation, these distortions were alleviated In two steps:
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(1) Blockage was added in the bank-inlet transition section (see
APPARATUS). This change improved the inlet profiles slightly, but the
profiles were still considered unsatisfactory (fig. 10(b)).

(2) The throat diameter of the inlet bellmouth waes increased from
24 inches to 27.4 Inches to avold supersonic velocities. This change
eliminated the circumferentisl varistions and greatly reduced the
boundary-layer thickness (fig. 10(c)). The original inlet configuration
and the first and second modifications shall hereinafter be referred to
as inlet conditions A, B, and C, respectively.

Although 1t wae desired to obtain the final performance with rela-
tively uniform inlet profiles (inlet condition C), the performence with
the nonsymmetrical profiles is of interest because it represents that
which might be obtained in a nonsymmetrical supersonic diffuser (e.g.,
with side or scoop inlets). Therefore, data obtained with the less
favoreble inlet profiles are included in this report. The inlet con-
dition for_each configuration is listed in table I._

In this investigetion, development of the combustor-inlet diffuser
and the combustor was carried on simultaneously. Consequently, when
some of the diffuser modifications were made, the flame-holder or the
fuel-spray system, or both, were also modified. Although it was not
posslble to lsolate the reletive effects of these simultaneous com-
bustor and diffuser changes, the effects of these combustor modifications
on diffuser performance are consildered to be of secondary importance.

Performence of Configurations Investigated with Inlet Condition A

Performsnce of the two configurations investigated with inlet con-
dition A, the original reversed bellmouth (configuration 1) and the 30°
conical diffuser (configuration 2), is shown in figure 11. Diffuser
efficiencies obtained with the original reversed-bellmouth diffuser were
between 0.47 and 0.50 over the range of diffuser-inlet Mach number
investigated (fig. 11(a)}). Data points obtained with cold flow and with
the combustor operating are included in this plot. Agreement between
the cold-Fflow and burning data was good for this configuration and all
others for which cold-flow data were taken. A typical diffuser-outlet
velocity profile is shown in figure 11(b) for a diffuser-inlet Mach
number of 0.46, approximately the design value for the engine. This
profile shows & region of flow separation along the diffuser wall. The
longitudinal profile of boundary-layer velocity, which was obtained with
the same diffuser-inlet Mach number, is presented in figure 11(c). This
plot shows that the separation occurred between 14 and 15 inches down-

stresm of station O.
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In order to reduce the adverse pressure gradients and turning angle
in the aft portion of the diffuser, the circular-arc gortion of the
reversed bellmouth was faired to form a continuous 30~ included-angle
conlcal diffuser. Efficiencies obtained with this diffuser were approxi-
mately the same as those obtained with the reversed bellmouth (fig.
11(a)). The diffuser-outlet velocity profiles indicated that no separa-
tion occurred (fig. 11(b)); however, from observation of the flame pat-
tern with the combustor operating, it was apparent that separation was
occurring at other, circumferential positions. This asymmetrical flow is
characteristic of diffusers operating with separated regioms. It is glso
noted that the pressure reke at station 4 was located in the circum-
ferential region of highest inlet velocities (see figs. 4(b) and 10(a)).
Boundary-layer velocity instrumentetion was not instslled for this con-
figuration.

In general, the performance of the 30° conical diffuser was no
better then that of the reversed-bellmouth diffuser. Apperently separa-
tion occurred far enough upstream in both configurations that the change
in the shape of the downstream portion of the diffuser had negligible
effect. Both configurations were considered unsatisfactory because of
their low efficiency and unstable (separated) characteristics.

Performance of Configurations Investigated with Inlet Condition B

The first change to improve the inlet velocity profiles was made at
this point in the investigation. Also, because the limited engine length
prohibited any further reduction in the diffuser included angle, it be-
came apparent that some method of flow control would be necessary in order
to obtain efficient diffusion in the short length avallable. Although
the performance of the 30° conical diffuser was no better than that of
the reversed-bellmouth diffuser, it was felt that, because of the lower
diffusion rate of the aft portion of the 30° diffuser, it should be
easier to eliminate separation with this shape than with the reversed-
bellmouth contour. Therefore, this diffuser shape was used with various
flow-control devices for the remaining portion of the Investigation.

Guide vanes. - Performence of the two guide-vane configurations
investigated with inlet condition B is shown in figure 12. In spite
of the more uniform inlet profiles, the diffuser efficlienciles (fig.
12(a)) obtained with the first guide-vane configuration (GV-1) were
slightly lower than those obtained with the reversed bellmouth or the
30° cone. No separated regions were indicated by the velocity profiles
(fig. 12(b)); however, when the combustor was operating, flame was
observed in the region downstream of the vanes. It appeared that the
combustion in the vane wakes was caused by the first vane; therefore,
for the next run, this vane was omitted. This change resulted in an
increase in diffuser efficiency to an average value of about 0.60
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(fig. 14(a), configuration GV-2). However, the diffuser-outlet velocity
profiles were about the same as for the previous configuration (fig.
14(b)), and combustion still occurred in the vane wakes. It therefore
appeared that, 1n order to obtaln a satisfactory turning-vane design,

a lengthy and detailed development program would be required and that a
satisfactory diffuser could be developed more rapidly with other methods

of flow control.

Vortex generators. - Other investigators have obtained signlificant
improvement in diffuser performance by means of vortex generators which
consisted of short airfoils mounted circumferentially around the perime-
ter of the diffuser-inlet section. For example, Valentine and Carroll
(ref. 3) utilized vortex generators to obtain a significant improvement
in the efficiency of a 2:1 area ratio, 23° conical diffuser. It was
decided, therefore, that various arrangements of vortex generators
should be investigated.

The performance of three vortex-generator configurations investigated
with inlet condition B is presented in figure 13. With the flrst configu-
ration (VG-1, vortex generators 40 in. upstream of station 0), a maximum
diffuser efficiency of sbout 0.70 was obtained (fig. 13(a)). This was
the highest efficiency obtained among the configuretions Ilnvestigated
with inlet condition B and represents a 20-percent gain over the effi-
ciency obtained with the 30° cone without flow-control devices (fig.
11(a)). The diffuser-outlet velocity profiles showed a fairly steep
gradient along the diffuser outer wall, but no separstion was apparent
(fig. 13(b)). The longitudinal profiles of boundary-layer velocity con-
firmed the absence of flow separation (fig. 13(c)).

For the next run (VG-2), the vortex generators were moved down-
stream to a point 20 inches ahead of stetion Q in order to determine the
effect of longitudinal location and aelso becasuse the vortex generators
in the upstream location interfered with the pressure measurements at
station 2. This change resulted in an average decrease in diffuser ef-
ficiency of about 0.10 (fig. 13(a)). The diffuser-outlet velocity pro-
files were similar to but slightly flatter than those obtained with
configuration VG-1 (fig. 13(b)), and the boundary-layer velocities were
slightly higher in the rear portion of the diffuser (fig. 13(c)).

For configuration VG-3, the vortex generstors of configuration VG-2
were used, and an additional set of generators was mounted in a plane
10 inches downstream of station 0. The diffuser efficiencies and velo-
city profiles were sbout the same as those obtained with the previous
configuration. Apparently the second staege was placed too far downstream
in the diffuser to have any beneficiasl effect.

Splitter cone. - Other investigators have succeeded ip improving
the combustion efficiency of low-temperature-ratio ram-jet combustors
by the use of control sleeves, which provide locally rich fuel-air

RONBIDRND Ay
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ratios with low over-all fuel-air ratios (ref. 4). A conical sleeve or
splitter cone in the present engine would also channel air along ‘the
outer diffuser wall and might prevent separation. In view of these
possibilities, it was decided that this type of dlffuser modificetion
would merit investigation.

The one splitter-cone configuration investigated with inlet condi-~
tion B (configuration SC-1) had the vortex genergtors of configuration
VG-2 instelled. Performance of this configurstion is shown in figure 14.
The meximum diffuser efficiency was about 0.61 at a diffuser-inlet Mach
number of 0.425, and the efficiency decreased with increasing diffuser-
inlet Mach number (fig. 14(a)). This maximum efficiency is sbout 0.03
higher than that obtained with the configuretion heving vortex generators
alone (VG-2). The diffuser-outlet velocity profiles were flat outside
the cone except for the normal boundary layer. Iunslde the cone,
the veloclty profiles were fairly uniform near the cone wall, but a
fairly thick boundary layer existed along the pilot (fig. 14(b)). The
varistion of percent alr flow through the cone with diffuser-inlet Mach
number is shown in figure 14(c). As diffuser-inlet Mach number increased
from O0.42 to 0.47, the amount of alr captured by the cone decreased from
84 to 49 percent. The relatively good performance of this configuration
is attributed to: (1) the small diffusion angle inside the cone, and
(2) the vortex generators, which promote efficient diffusion of the air
flowing around the cone (as indicated by the flat diffuser-outlet velo-
city profile).

Performance of Configurations Investigated with Inlet Condition C

At this point in the, investigation, the second modification to
improve the diffuser-inlet velocity profiles was made (i.e., the throat
diameter of the engine-inlet bellmouth was increased from 24 %o 27.4 in.).

Splitter cones. - Most of the diffuser modifications investigated
with inlet condition C were variations of splitter-cone design. At the
time the first of these splitter cones (SC-2) was installed, the fuel-
injection bars were moved to & point 18 inches upstream of station O.
To prevent main-stream fuel from entering the center pilot burner, i1t
was necessary to add the pilot extension shown in figure 4. The vortex
generators around the outslide of the extension were installed for the
purpose of promoting fuel-air mixing.

The basic cone of the first two splitter-cone configurstions (8C-2
and SC-3) investigated with inlet condition C was the same as that used
for configuration SC-1; however, a 23.3-inch-long extension was added to
the upstream end of the cone to prevent main-streem fuel from entering
the annular passage. Also, the diffuser vortex generators (VG-2) were
removed. Configuration SC-3 was the same as SC-2 except that vortex



1z +@ONFIDENTIAE® NACA RM ES3L15

generators were added to the Inside of the cone at sftation 0O to promoté
fuel-air mixing. Performance of configurations SC-2 and SC-3 is shown

in figure 1°5.

The maximum efficlency obtalned with configuration SC-2 was about
0.54¢ (fig. 15(a)), a decrease of about 0.07 from the maximum efficiency
of conflguration SC-~1. This reduction in efficiency is attributed to
separation which occurred along the diffuser wall (fig. 15(b)) and fur-
ther illustrates the effectiveness of the vortex generators used with
configuration SC-1 (especially when it is considered that the inlet
velocity profiles were more uniform for configuration SC-2). Except
for e slight reduction in diffuser efficiency at lower inlet Mach num-
bers, the performance of configuration SC-3 was ebout the same as that
of configuration SC-2. ' .

The basic splitter cone (group II) of conflgurations SC-4 and SC-5
was designed to capture a greater portion of the air than the previous
cones in order to shift the engine combustion-efficiency peak to a
higher value of fuel-alr ratlo. Performance of these configurations is
shown in figure 16. The maximum diffuser efficiency obtained with con-
figuration SC-4 was ebout 0.58 (fig. 16(a)). The velocity profiles
indiceted separation along the outer diffuser wall (fig. 16(b)). About
77 percent of the air passed through the cone for all values of diffuser-
inlet Mach number (fig. 16(c)).

For configuration SC-5, the upstream end of the cone was altered
to reduce the capture area. This change resulted in a large decrease
in diffuser efficiency (fig. 16(a)). The velocity profiles showed that
the separation in the outer passage that had occurred with configuration
9C-4 was eliminated and that a very large sepersted regilon existed along
the center pilot (fig. 16(b)). The large decrease in efficiency is
attributed to this separation. Apparently the reduction in cone inlet
area allowed enough high-energy air to enter the outer passage to elimi-
nate separstlon in that region, but also increased the expansion ratio
in the inner passage so greatly that separation occurred along the pilot
wall. Flow conditions along the center pilot were also aggravated by
alr spilling around the pilot inlet, which was greatly oversized for the
pllot air flows obtained. About 58 percent of the ailr passed through

this cone (fig. 16(c)).

The basic cone:(group III) of configurations SC-6 through SC-8
was intermediate in size between the bagic cones of the previous config-
urations. Performance of these configurations is shown in figure 17.
The maximum diffuser efficiency obtained with configuration SC-6 wes
ebout 0.55 (fig. 17(a)). The velocity profiles were relatively uniform
(£ig. l7(b)), and between 58 and 60 percent of the air passed through
the cone for all values of diffuser-inlet Mach number (fig. 17(c)).

3161
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Configuration SC-7 was the same as SC-6 except that 24 vortex gen-
erators were added inside the cone at station O to promote fuel-sgir
mixing. At hilgh values of diffuser-inlet Mach number, the diffuser
efficiencies obtained with this configuration (fig. 17{a)) were slightly
higher than those obtalned with the previous configuration. The velocity
profiles were gbout the same except that the velocity peak along the
inside of the cone was eliminated (fig. 17(b)), and air flow through the
cone was reduced to about 56 percent (fig. 17(c)). From the changes in
velocity profile and cone air flow, it appears that the vortex generators
effectively increased the blockage within the cone.

For configurstion SC-8, a 10-inch-long cylindrical extension was
added to the downstream end of the previocus splitter~-cone configuration
in order to maintein fuel stratification to a point closer to the sec-
ondary flame holder. The maximum diffuser efficiency was about 0.58,
slightly higher than that of the previous configuration (fig. 17(a)),
and the velocity profiles and percentage air flow through the cone were
ebout the same.

Comperison of diffuser types. - One gulde-vane configuration (av-3),
onhe vortex-gemerator configuration (VG-2), and the 30° conical configura-
tion (configuration 2a) also were investigated with inlet condition C.
The performence of these configuretions and that of splitter-cone con-
figuration SC-8 are compared in figure 18.

A maximum diffuser ®fficiency of 0.72 was obtalned with the vortex-
generator configuration (VG-2) - the highest efficiency obtained in the
course of the investigation. This efficiency is about 0.19 higher than
that obtained with the 30° conical configuration (2a)-with the same
inlet condition (fig. 18(a)). With a diffuser-inlet Mach number of
0.42, this efficlency gain corresponds to an increase in diffuser
total-pressure recovery from 0.96 to 0.975. This efficiency is also
0.14 higher than obtained with the same configuratlon with inlet condi-~
tion B (£ig. 13(a)).

It 1s recalled that with inlet condition B, higher efficiency was
obtained with configuration VG-1 (vortex generators 40 in. upstream of
station O) than with VG-2 (vortex generators 20 in. upstream of sta-
tion 0). It is therefore probable that efficiencies higher than 0.72
could be obtained with inlet condition C if the vortex generators were
moved further upstream. Reference 3 reports that a maximum diffuser-
exit efficiency of about 0.83 was obtained in en Investigation of a
2:1 area ratio, 23° conical diffuser by using various vortex-generator
configurations. This efficiency was based on incompressible-flow rela-
tions, and when corrected for compressibility, the value was reduced to
about 0.79. Also, the diffuser was not obstructed by fleme holders,
fuel spray bars, etc. With consideration of the higher diffusion angle
and the obstructions in the present diffuser, the maximum efficiency
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value of 0.72 appears to compare favorably with that of reference 3.
In gdditlon to being the most efficient, the vortex-generator configura-
tion gave the most uniform diffuser-outlet velocity profile.

The guide-vane configuration was next highest in efficiency with a
meximum of 0.66, @bout 0.13 higher than that obtained with the 30° cone
alone. Diffuser-outlet velocity profiles showed a fairly thick boundary
layer at the outer diffuser wall and seperation along the center pilot.
This separation was probably sggravated by air spilling around the over-
sized pllot air inlet (see Splitter cones). Also, when the combustor was
operating, combustion occurred in the vane wakes as i1t did with the
other gulde-vane configurations investigated, which leeds to the con-
clusion that the guide-vane design is guite critical, especially when
fuel is sprayed upstream of the vanes.

The splitter-cone conflguration gave efficlencies which averaged
only about 0.04 higher than the conlcal diffuser wilthout flow-control
devices. The diffuser-outlet velocity profiles, however, were fairly
uniform except for boundary layers in the outer anmulus. In general,
the performance of the various splitter-cone configurations indicetes
that, with such a short diffuser, it is not possible to greatly increase
the diffuser efficiency with a single cone without additional flow con-
trol. However, by use of a good vortex-generator design in conjunction
wilth a properly designed splitter cone, considerable improvement in dif-
fuser performance may be obtalined over that of the conical diffuser.

The efficiency of the 30° conical diffuser (fig. 18(a)) was only
about 0.04 higher than the efficiency of the same diffuser with inlet
condition A (fig. 11(a)). The diffuser-outlet velocity.profiles (fig.
18(b)) indicated that, even with the improved inlet velocity profile,
separation occurred along the outer diffuser wall. The slight improve-
ment in efficiency was probably due to movement of the separation point
slightly further downstream with the Improved inlet velocity profiles.

CONCLUDING REMARKS

The best dlffuser performance was obtained with a configurstion
having vortex generators 20 inches upstream of the &iffuser inlet and a
uniform inlet veloclity profile. The maximum diffuser efficiency was
0.72 as compared with 0.53 obtained with the 30° conical diffuser with
the same inlet profile. With a diffuser-inlet Mach number of 0.42, this
would correspond to an increase in diffuser total-pressure ratio from
0,96 to 0.975. The maximum efficiency compares favorablyowith results
obtalned by other investigators with a 2:1 area ratio, 23  unobstructed
conical diffuser incorporating vortex generators. In addition to the in-
crease in diffuser efficiency obtained by use of the vortex generators, the
diffuser-ocutlet profiles were more uniform and seperetion was eliminated.
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Improving the uniformity of the diffuser-inlet velocity profile
(inlet condition A or B to C) resulted in an increase of 0.04 in the
efficiency of the 30° conical diffuser and of 0.14 in the efficiency of
the configuration with vortex generators 20 inches upstream of the dif-
fuser inlet. The highest diffuser efficiency (0.70) with inlet condition
B was obtained with vortex generetors 40 inches upstream of the diffuser
injet. This efficiency was about 0.10 higher than the efficlency obtained
with vortex generstors 20 inches upstream of the diffuser inlet and with
the same inlet profile.

The better splitter-cone configuretions investigated gave effi-
clencies only slightly higher than the 30° conical diffuser with the
same inlet profile. However, a splitter-cone configuration which also
had vortex generators on the outer diffuser wall gave efficiencies as
high as 0.6l with inlet conditlon B. This was an increase of 0.03 over
the configuration with vortex generstors slone (VG-2) with similar inlet
profiles. Failrly uniform diffuser-outlet profiles without separation
were obtained with the better splitter-cone configurstions.

The best gulde-vane configurations geve efficlencies sbout 0.13
higher than the 30° conicel diffuser (inlet condition C). The gulde-
vane configurations were, however, considered unsatisfactory because in
all cases combustion occurred upstream of the flsme holder in the vane

wakes.

Performance of the 30° conical diffuser was slmost identical with
that of the original reversed bellmouth. With both conflgurstions,
separation occurred far enocugh upstream that the contour change in the
downstream portion of the diffuser had no significant effect.

The efficiency of a 30° conical diffuser was therefore improved
as much as 20 percent and separation was eliminated by the use of vortex’
generators. The use of splitter cones gave only small efficiency gains,
but relatively uniform diffuser-outlet velocity profiles were obtained
with the better designs. A configuration which incorporated both vortex
generatore and a splitter cone gave efficiencles higher than those ob-
tained with any other splitter-cone configuration end also higher than
those obtained when the same vortex generators were used without the
splitter cone. Moderate diffuser-efficiency increases were obtained
with guide vanes; however, in all cases, combustion occurred in the
vane wakes.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio, December 22, 1953
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TABIE I. - SUMMARY OF. DIFFUSER CORFIGURATIONS
Configu- Description Reference | Inlet Fuel-spray syatem
ration for conditlon (fuel-spray-bar
details (f1g. 10) location referred to
station O)

1 Reversed bellmouth Fig. 2 A Original, 9 in. downstreem

2 300 cone Fig. 4 A Original, 9 in. downstream

2a 30° cone, modified Fig. 4 C Criginal, 18 in. upstream

flame holder

Gv-1 Guide vanes Fig. 6 B Original, 9 in. downstream

GV-2 Guide vanes Fig. 6 B Originel, 9 in. downstream

GV-3 Gulde vanes Fig. 6 C Originel, 9 in. downstresm

VG-1 Vortex generators Teble I1 B Original, 9 in. downstreanm

VG-2 Vortex generators Table II B and C |Original, 9 in. downstream

VG~-3 Vortex generatorsa Table IT B Original, 9 in. downstream

3C-1 Splitter come with VG-2| Fig. B8 B Original, 9 in. downstreem

ac-2 Splitter come Fig. 8 C Original, 18 in. upstream

8C-3 Splitter cone Fig. 8 C Original, 18 in. upstream

8C-4 Splitter cone Fig. B c Original, 18 in., upstream
BC-5 Splitter cone Fig. 8 G Afterburner, 11 in. dowvnstream
8C-6 Splitter cone Pig. 8 c Afterburner, 11 im. downstream
ac-7 Splitter come Fig. 8 c Afterburner, 11 in., downstream

gc-8 gplitter cone Fig. 8 C Original, 18 in. upstream

STICSH WH YOVN
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TABLE II. - DESCRIPTION OF VORTEX-GENERATOR CONFIGURATIONS
Configu- | Longitudinal | Angle of | Chord, | Spenm, | Maximum Number
ration location, attack in. in. thickness,| used
engine in.

statlion
VG-1 -40.0 +13° 5.0 2.5 0.625 18
VG-2 -20.0 £13° 5.0 2.5 .625 16
~20.0 £13° 5.0 2.5 .625 16
VG-3
10.0 +13° 5.0 2.5 .625 20

3161



Iabyrinth seal
Englne-inlet bellmouth

Angle iron blockage
Smoothlng screens

Inlet-air

Test-chamber

ddffuper

section
Bulkhead:

3161
' ' CV-3 back

48-Tnch rem- jJot englne

Water-cooled exbaust extension
Water-oooled diffuser

Water-cooled oxhaust aection

e o
' s -
To altitude
exhaugt
syetom
Thrust platform Poriscope

Figme 1, - 48-Inch raw-Jet engine in l4-foot-dlametor altitude chamber,
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lternate mein
fuel-nozzls locations
Five equally spaced

Engine stations, in. -109 -28.35 24,25 satellite pilot 1089
Ingtrument stations | 2 4 burners

] Iabyrinth seal [ ' I

: Inlet duot {

— |
Alr flow

Inlet bellmouth Exhaust nozzle

(a) Engine with inlev duoting.

Boundary-layer
total and wall
static tubes

Seocondary flame holder

2 4
!’ %V“X Hi L/'-c“t—.’.r. pi_lFFimewlr

Instrument etaticns

>

ERR NN

Reversed-
bellmouth
diffuser— J

206" ——]

(b} Diffuser seotiom showing flsme holder and Instrumentatiom.

Figure 2. - Original engine {configuration 1).
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Figure 3. - Original fuel-spray bars.
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Center pilot burner extensiocn
with vortex generators (oon-
figurations 2a and SC-2 through
SC-8 anly)

Engine statlons, in. .28.35 0 24.25 5?.6

Instrument stations

NACA RM ES5S3L15

Twenty 3" long radilal
stub gutters, equally
gpaced around fleme
holder (configuration
£C-5 only

25V

2 4 v

130° Conical i ' .4
% ’difi‘user ’qlLF-ij
|

aJl

jra T
T

o

~

8" Flame-bolder
extension (com-

L Fi
- guration 2a
— only)
,/
( lig ]
. (a) Engine modifications.
1/8" Camber :
Instrument statlion 2
0 Total-pressure probe
B Wall stetic tube Instrument station 4
O Static~pressure probe : D-3454

A Thermocouple probe

(b) Cross sections showing instrumentatlion detalls (viewsd looking downstream).

Figure 4. - Engine modifications and diffuser instrumentation.
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Figure 5. - Upstream vie
type fuel-spray bars.

w of diffuser showing installation of afterburner-
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Station, in. 0 6.50 16.87 24,87

-7.0 PREp—

"3 ~~1"2
.——""—{:
I— =
- - g,
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-7.0] o | &.50] 9.12]16.87]24.87
Distance Prom center line, in.

1 [12.25 [11.75] comee]cmema [ccmme] —oom-
2 | m———— 12.25{13.25| ~mmmm | ===mm ———-
B | emmmn mmmme| mmmem 13.82[16.0 | --=--
TR ey o cemem|oaee116,62{19.0 : -

(2) Configurations GV-1 and GvV-2. (Vanes 1, 2, 3, and 4 used
for GV-1; and venes 2, 3, and 4 used for GV-2.)

Stetion, in._5 75 0.75 8.0 17.25 = 25.25

o P 16.25|  ——j==>——\
7 /:7
b /

1

a
.

Vane Station .
5.75] 0 ] 0.75] 7.25) 8.00]16.25]17.25{25.25

Distance from center lime, 1n.
1 [11.0 [=-w=- 11.25|-cocc jramam fommes mmm e e

(b) Configuretion GV-3.

Figure 6. - Guide-vane configuratioms.
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(c) Typical installation (upstream view).

Figure 6. - Concluded. Guide-vane configurations.
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Figure 7. - Typical vortex~generator instellation.

NACA RM EB3L1S5

(Upstream view.)
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Station, 1n. 10.6
- 30.6 .
B3 o . 20.6
1 ) E— ,
Basic -
G m
ﬂ’__,_--:::f'sc‘a vae
-—o-"‘—":— "
N T e R B ey Wy
-t e "
02 ana]  Lac-6 to ac-s ~
-3 /
— v \
— — — — ﬂ -
Config- | Synbol |CGroup Btation GA‘: &Ac LT Ad. "At: Remarks
uration 25.5]15. ei| “eyef Ce,0) 74,07 e, 0)
2 SEE I O ) X e e ey Lo
Radius of saplitter cone, in
ac-1 cem | eme |11k |2t[18D |-~ |02 [0.38 |1.50 | 2.65  [ve-2 instarlea.
7] el e
g-2 [~——| 1 |10 |- [12d|---|153 {--- | 49| 38 [r80 | 2.0
80-%8 |———— 10% —— 1]% —--—15‘:—' wre | 49 | .38 |1.80 %.95 b%rtexsanarntora inside
cone at station O.
a4 18} | - 183]---l10f |- Jo.70 fo.62 2,00 | 3.03
It
ac-3 e | 115 [133]---16F [--- | 58 | ez |2z | z.os
ac-6 — |1 13% ---1&% --- |0.52 [0.85 |z.5%8 | 2.4
BC-7 -~ | 1L 1%1- .- '.LB% e g2 | .55 12.38 £.14 b2y vortex gensrators at in-
m side of cope st mtetion O.
BCAB  [eeraencas U i h 12-;_: ---w% 13% S2 ] () | () 2.14 |P24 Vortex generators at in-
aide of cona at atation O.

*iran of {lame-holding elements accountsd for.

bVortez generators wers identicsl with those used on the cewter-pilot extension (ee fig. 4) and may be
teen in figure 8{b).
Cpfective ares lndsterminata because of flame-holder wekes.

(a) Description of configuratious,

Figore 8. - Splitter-cone configurations.
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(b) Typical installation (upstream view),

Flgure 8, - Concluded. Splitter-cone configurations.
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Diffuser total-pressure ratio, P,/P,
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Inlet Mach
number, Mg
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Diffuser efficiency, 14

Figure 9. - Variation of diffuser total-pressure ratio with dif-

fuser efficlency for verious diffuser Mach numbers and area
ratios.
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Diffuser efficiency, Ny
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Flagged symbols denote
cold flow
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Diffuser-inlet Mach number, Mz
(a) Variation of diffuser efficlency with diffuser-inlet
Mach number.
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Figure 11. - Performance of reversed-bellmouth and 30° conicel diffusers
(configurations 1 and 2); inlet condition A.
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Diffuser efficiency, g

Diffuser-outlet velocity, V4, £t/sec
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condition B.
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Figure 13. - Performance of vortex-generator configurations with inlet condition B.
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Figure 17. - Performance of splitter-cone configurations of Group III. In-
let condition C.
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Figure 18. - Comparison of various diffuser types. Inlet condition C.
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